Starting from a random RNA library expressed in yeast cells, we evolved an RNA-based transcriptional silencing domain with potency comparable to that observed when Sir1, a known silencing protein, is localized to a promoter. Using secondary-structure predictions and sitedirected mutagenesis, we dissected the functional domains of the most active evolved RNA transcriptional silencer. Observed RNAbased silencing was general, rather than gene specific, and the origin recognition complex was required for full activity of the evolved RNA. Using genetic studies, we demonstrated that the RNA-based silencer acts through a Sir protein-dependent mechanism. Our results highlight the value of evolving RNA libraries as probes of biological processes and suggest the possible existence of natural RNA-based, RNAi-independent gene silencers.
INTRODUCTION
RNA has been shown to play a crucial role in essential biological processes such as splicing, tRNA processing, and peptide bond formation, in addition to serving as a transient carrier of genetic information [1, 2] . Noncoding RNAs have also emerged as important components in the control of gene expression [3, 4] . For example, riboswitches are a class of cis-regulatory RNAs in prokaryotes that undergo conformational changes in response to metabolite binding, influencing the expression of the corresponding gene [5] . The RNA interference (RNAi) pathway is a conserved mechanism for inhibiting gene expression [6] [7] [8] that uses small interfering RNAs (siRNAs) to target mRNAs for degradation or translational inhibition. Other gene regulatory processes such as genome purging in Tetrahymena [9, 10] and heterochromatin formation in Saccharomyces pombe [11] also involve siRNAs.
The functional versatility of RNA, combined with the powerful ways in which researchers can manipulate and characterize RNA, suggests its promise as a tool to probe cellular functions. Despite its limited chemical diversity, RNA can access diverse structure space mediated by a wide variety of base-pairing interactions [12] . Large RNA libraries can readily be expressed within populations of cells. The genes encoding RNAs that elicit desired cellular phenotypes can be amplified and diversified, allowing researchers to perform multiple rounds of directed evolution on RNA libraries in vivo. In addition, due to the modular nature of RNA domains, they can be engineered to exhibit different functional properties in the presence or absence of specific small molecules [13, 14] , potentially enabling the precise temporal and dose-dependent control of cellular functions.
Previous efforts to engineer and evolve RNAs with desired intracellular properties support the potential of laboratory-created RNAs as probes of biological processes. Maher and coworkers successfully generated RNAs with a variety of novel functions, including the ability to bind spectinomycin, relieve transcriptional inhibition in Escherichia coli, and serve as a decoy for the transcription factor NFkB [15] [16] [17] [18] . We previously reported the in vivo evolution of RNA-based transcriptional activation domains with potency comparable to that of the strongest known natural protein-based activation domains [19] . Subsequent engineering and evolution efforts yielded an RNA transcriptional activator that is 10-fold more active in the presence of the small molecule tetramethylrosamine (TMR) than in its absence [14] .
In this work, we extend the use of RNA to probe biological functions by evolving an RNA-based transcriptional silencing domain in Saccharomyces cerevisiae. Gene silencing is a form of gene regulation that involves the formation of a specialized, long-range chromatin structure. In S. cerevisiae, silencing is observed at three classes of loci: the two cryptic mating-type cassettes HML and HMR, the rDNA repeats, and telomeres [20, 21] . At the mating-type loci, repression of gene expression is crucial for maintenance of the haploid state. Transcriptional repression is achieved by cis-acting DNA elements, known as the E and I silencers, that flank the HMR and HML loci, respectively. The HMR-E silencer consists of A, E, and B sites, recognized by the origin recognition complex (ORC), Rap1, and Abf1. Establishment of a transcriptionally silenced chromatin state requires the recruitment of Sir1, Sir2, Sir3, and Sir4 proteins by the silencer-bound proteins [20] .
The deletion of any two of the A, E, or B sites at HMR-E results in the loss of silencing, which can be restored by tethering a known silencing protein to the locus. Sternglanz and coworkers have also shown that this restoration of silencing can be achieved in a two-hybrid-like manner by replacing the endogenous silencing elements with Gal4 binding sites (UAS G ) and expressing a silencing protein as a fusion to the Gal4 DNA binding domain (Gal4 DBD ) [22] [23] [24] [25] [26] . Such a targeted silencing system was used to identify novel proteins involved in transcriptional silencing at the HMR locus [22] .
Small interfering RNAs have recently been shown to promote gene-specific transcriptional silencing in S. pombe in a process that requires components of the RNAi pathway [11] . However, RNAs that function as gene silencers in an RNAi-independent manner are not known to exist. Here we report the in vivo evolution of RNA-based silencing domains in S. cerevisiae from random libraries using a variant of the targeted silencing system [22] . The most potent evolved RNAs are capable of silencing transcription to an extent comparable to that observed when the known silencing protein Sir1 is localized to the HMR-E locus as a Gal4 DBD -Sir1 fusion. We used secondary-structure prediction and site-directed mutagenesis to dissect the functional domains of these RNA-based gene silencers. Furthermore, we gained insight into their mechanism of action by examining their dependence on known silencing proteins for their function. Our findings provide an RNAbased tool for studying gene silencing and further validate the use of evolved RNAs as powerful probes to perturb biological pathways.
RESULTS
Selection System and RNA Library Construction Our approach to evolving an RNA-based gene silencer requires a selection method that enables cells to survive only if they express an active gene silencer. Transcriptional silencing at the HMR-E locus is established by the recruitment of Sir proteins by the ORC, Rap1, and Abf1, which recognize the A, E, and B sites, respectively ( Figure 1A) . Deletion of any two of these three silencer elements abolishes heterochromatin formation [22] . Andrulis and coworkers described a targeted silencing system [22] in which the E and B sites are replaced by Gal4 binding sites (referred to as Aeb::G) and a reporter gene is inserted in the HMR locus. In S. cerevisiae strains YEA76 [27] and YSB35 [23] , this system places expression of the URA3 and TRP1 reporter genes, respectively, under control of gene silencing. YEA76 cells expressing the URA3 gene cannot grow on medium containing 5-fluoroorotic acid (5-FOA), and therefore silencing of URA3 expression enables survival on 5-FOA. YEA76 therefore can be used in a selection to link cell survival with gene silencing.
To localize RNA library members to the HMR-E locus, we used the high-affinity interaction (
between the MS2 coat protein and the 19 bp MS2 hairpin [28] . A plasmid expressing a fusion of the Gal4 DNA binding domain and the MS2 coat protein was introduced into the selection strain, enabling the localization of RNAs containing the MS2 hairpins to the promoter of the URA3 reporter gene ( Figure 1B ). RNA library diversity was provided by a random 40-base region (N 40 ) followed by two MS2 hairpins and was expressed from a plasmid-based RNA expression cassette described by Wickens and coworkers [29] . Transcription in this system is driven from the RNA polymerase III RNase P RNA (RPR) promoter [30] , ensuring that RNAs are not capped, polyadenylated, or translated [28] , and is terminated by an RPR terminator ( Figure 1B) . To enhance the intracellular stability of the RNA libraries, they were expressed between well-structured 3 0 and 5 0 ends. We cloned this RNA expression cassette into the yeast shuttle vector pRS424, generating the RNA expression vector pRNAIII. A synthetic N 40 library was ligated into pRNAIII and amplified in E. coli to provide an estimated starting diversity of 2 3 10 7 sequences.
Selection of an RNA-Based Transcriptional Silencer
The amplified library was introduced into YEA76 yeast cells expressing the Gal4 DBD -MS2 fusion protein and transformants were isolated by growth on medium lacking histidine and tryptophan (resulting in 5 3 10 4 clones). Surviving colonies were harvested and replated on medium containing 1 mg/ml 5-FOA to select for clones capable of silencing the transcription of the URA3 reporter gene. To enrich for active sequences over false positives, the plasmid DNA from surviving colonies was extracted and subjected to a second selection under identical conditions. We individually characterized 24 clones capable of growing on medium containing 5-FOA by extracting their plasmid DNA, sequencing the variable region of the RNA construct, recloning the variable-region insert into pRNAIII, and retesting their ability to silence transcription phenotypically. As positive controls we used the known silencing proteins Esc2 and Sir1 fused to the Gal4 DNA binding domain. We observed that 13 of the 24 characterized clones were identical in sequence, suggesting that they corresponded to a clone expressing a highly enriched transcriptional silencing domain. Indeed, this highly represented clone (2SB1) exhibited robust URA3 silencing activity at a potency comparable to that of the Esc2 positive control, and only modestly lower than that of the Sir1 positive control (Figure 2 ). None of the other 11 clones exhibited significant silencing activity as measured by the ability to grow on medium containing 5-FOA.
Evolution and Characterization of More Potent RNA-Based Silencers
To evolve more potent RNA-based transcriptional silencing domains, we used a synthetic oligonucleotide to introduce random mutations into the variable 40-base region of the round 1 clone 2SB1 at a 21% rate. The resulting library was amplified in E. coli (8 3 10 6 clones), introduced into yeast cells (7.5 3 10 4 clones), and subjected to selections as described above. An analysis of preselection library members revealed a total of 63 mutations within seven 40-base variable regions (22.5% mutation rate), in agreement with the designed mutagenesis rate.
We phenotypically characterized 22 surviving clones from round 2, of which 8 were capable of silencing transcription more potently than the parental clone 2SB1 (Figure 3) . The most potent RNA-based silencer, m2SB1-1, is significantly more potent than the Esc2 positive control and of comparable potency to the Sir1 positive control (Figure 3) .
Sequence alignment of characterized round 2 clones identified two main regions of sequence conservation ( Figure 4 ). The predicted secondary structure of m2SB1-1, generated using the mfold program [31] , suggests that the regions of conserved sequence are involved in the formation of two well-structured stems ( Figure 5A ). Bases 7-11 are predicted to interact with five nucleotides from the 5 0 constant region, while bases 12-19 are predicted to pair with bases 33-41 to form a strong stem structure ( Figure 5A ). The loop region at the end of the second stem corresponds to the nonconserved bases 22-30, implying that this loop is dispensable for silencer activity. Consistent with these predictions, clones m2SB1-4 and m2SB1-16, found to lack silencing activity upon secondary screening, both contain mutations in one or both of the highly conserved regions (Figure 4 ).
Structure-Activity Analysis of the Most Potent Evolved Silencer
RNA-based probes of biological processes are amenable to the elucidation of basic structure-activity relationships by combining secondary-structure predictions with sitedirected mutagenesis. Based on the sequence alignment of the most evolved clones and on the predicted secondary structure of the highly active m2SB1-1 (Figures 4 and  5A ), we hypothesized that the two highly conserved regions predicted to form strong stem structures were required for activity. We also expected the loop formed by the nonconserved bases 22-30 to be dispensable. To test these hypotheses and to gain further insight into the role of the conserved regions, we introduced 18 mutations within the variable N 40 region of the most potent round 2 clone, m2SB1-1 ( Figure 5A ). As expected, deleting predicted loop bases 22-30 (mutant M9) has no effect on silencing. Bases 17-19 (CCC) form the beginning of a strong stem structure by base pairing with bases 33-35 (GGG). We mutated G33, G34, or G35 to A (M7, M10, and M11, respectively), and also combined each of these three mutations with the corresponding complementary (potentially rescuing) mutations of C19, C18, or C17 to a U (M7res, M10res, and M11res, respectively), which are predicted to restore stem structure. M7 caused an incomplete reduction in silencing efficiency, while M10 induced a complete loss of silencing. Both mutations were rescued by the corresponding covariance mutations M7res and M10res ( Figure 5B ). Mutating G35 to an A (M11) did not have a significant effect on silencing activity (see M11, Figure 5B ). These results imply that bases 17-18 and 33-34 form a stem in the active structure of m2SB1-1, and further that this stem is not involved in base-specific contacts.
Next we dissected the functional importance of bases 12-16 and 36-40, which are predicted to continue the stem formed by bases 17-19 and 33-35. The deletion of U36 (M5) abolished silencing although the base is predicted to be an extrahelical bulge. Mutation of bases 37 and 38 (AG) to CC (M1) resulted in a loss of activity that could not be rescued by the corresponding mutation of bases 15 and 16 (UU) to GG (M1res, Figure 5 ). The point mutation of A39 to U (M8) destroyed silencing activity and was not restored by the corresponding mutation M8res ( Figure 5 ). These results suggest that bases 12-16 and 36-40 may play more than a secondary-structural role and are most likely involved in base-specific contacts necessary for the tertiary structure of the active RNA or for interactions with cellular targets.
Conserved bases 7-11 are expected to participate in pairing with a portion of the 5 0 constant region to form a stable stem structure. Indeed, mutating bases 7-8 (CC) to AA (M3) or U11 to G (M4) resulted in the loss of silencing activity ( Figure 5 ). Changing A(À15) to C (M4res) may restore the base-pairing interaction destroyed by M4. This complementing mutation, however, did not rescue RNAdependent transcriptional silencing ( Figure 5 ), suggesting that both the paired structure and base-specific sequences of this region may be required for activity.
Probing the Mechanism of Evolved RNA-Based Gene Silencers
We hypothesized that the mechanism of action of the evolved RNA-based transcriptional silencers involves the RNA-mediated recruitment of silencing proteins such as Rap1, Abf1, or the Sir proteins to the HMR-E locus. However, the evolved RNA silencers in principle could act directly on the URA3 mRNA, inhibiting translation in a URA3-specific manner. To test this possibility, we used yeast strain YSB35 in which silencing represses TRP1 gene expression rather than URA3 expression [27] . In the absence of silencing, YSB35 cells survive on medium lacking tryptophan. Upon establishment of a silenced chromatin state at the HMR-E locus, YSB35 can no longer grow on minimal media lacking Trp. Consistent with our envisioned mechanism of action, the most active RNA sequence m2SB1-1 showed strong levels of silencing in YSB35, as evidenced by the lack of growth on Trp-deficient media ( Figure 6A ). These results indicate that the observed silencing phenomenon is a general, rather than gene-specific, phenomenon.
In selection strain YEA76, two of the three silencer elements are replaced by Gal4 recognition sequences. The remaining A site is bound by the ORC. To test whether RNA-based silencing requires the ORC for activity, we evaluated the activity of m2SB1-1 in a TRP1 reporter strain in which all three silencer elements were deleted (aeb::G). Clone m2SB1-1 was capable of silencing transcription to a much lower extent than in a strain with an intact A site, indicating that the ORC is required for full activity of the evolved RNA-based silencing domain, although a lower level of silencing is possible even in the absence of all three elements ( Figure 6A) .
Recently, Sutton and coworkers reported an alternative form of Sir-independent transcriptional silencing at HMR-E that requires the dominant mutation SUM1-1 [32] . In the 
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Evolution of an RNA-Based Transcriptional Silencer proposed mechanism, the ORC interacts with the Sum1-1 protein, which in turn recruits the Sir2 homolog Hst1. Hst1 is an NAD + -dependent histone deacetylase believed to deacetylate histones in the HMR-E locus and lead to heterochromatin formation and silencing without the need for the deacetylation activity of Sir2 [32] . We tested the Sir dependence of the RNA-induced silencing using the TRP1 reporter strain deleted for Sir1, Sir2, Sir3, or Sir4. Deletion of any of these four Sir proteins abolished the silencing activity of m2SB1-1, indicating that the evolved RNA-based silencer acts through the traditional Sir-dependent mechanism ( Figure 6B ). We have no evidence, however, that the RNA directly recruits the Sir proteins rather than effecting their localization to the HMR-E locus indirectly through an interaction with another cellular protein. In addition, these results further support a model in which silencing occurs at the level of transcription.
We believe the MS2-mediated localization of the evolved RNAs to the HMR-E promoter to be crucial for activity, as it increases the effective molarity of the active RNAs with respect to the silenced locus. We tested this RNA localization requirement by introducing the most active silencer, m2SB1-1, into the selection strain YEA76 which lacks the plasmid expressing the Gal4 DNA binding domain-MS2 fusion protein. As expected, no silencing was observed ( Figure 6C ), indicating that localization to the promoter of interest is essential for the activity of the RNA-based gene silencers.
DISCUSSION
We applied in vivo directed evolution methods to generate RNA sequences capable of silencing transcription when tethered to the HMR-E locus in S. cerevisiae. After only two rounds of evolution, the most potent RNAs were capable of silencing transcription at levels comparable to the silencing observed when a Gal4 DBD -Sir1 fusion is localized to the HMR-E locus, indicating RNA might be well suited for acting as a transcriptional silencer. Indeed, in S. pombe, heterochromatic structure is established via an RNAi mechanism that requires small RNAs [11] . S. cerevisiae lacks the components of the RNAi machinery [33] , and although natural RNAs that participate in transcriptional silencing have not yet been discovered, our results are consistent with the possibility that such RNAs might exist.
We used secondary-structure analysis and site-directed mutagenesis to identify regions of one of the most evolved RNAs, m2SB1-1, that are necessary for activity. Our findings suggest that sequences conserved among all active RNAs are involved in forming the secondary structures crucial for RNA-based transcriptional silencing. Covariance experiments strongly support the structural importance of one of these paired regions (bases 17-19 interacting with bases 33-35). We also identified sequences that may be involved in base-specific tertiary interactions or contacts with cellular targets (bases 12-16 and 36-40). A part of the conserved variable region formed essential base pairs with the 5 0 invariable sequences, suggesting an important role for the flanking RNA scaffold sequences in the activity of these transcriptional silencers, as was previously observed in our evolution of RNA-based transcriptional activators [19] .
Our evolved RNAs are general silencers of transcription and require the ORC for full activity. The dependence on Sir1, Sir2, Sir3, and Sir4 supports our model that the observed silencing is caused by establishment of a heterochromatic state in the HMR-E locus. We hypothesize that the RNAs function by a simple recruitment mechanism in The m2SB1-1 was untethered from the HMR-E locus by using a yeast strain that did not express the Gal4-MS2 fusion protein. From left to right, each clone is spotted in 10-fold serial dilutions on the growth media specified. which they localize one or more silencing proteins to the promoter of interest.
In contrast to in vitro selections for RNA aptamers for a specific protein, in which the rate of active RNAs among random library members is approximately 1 in 10 10 -10
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[34], we were capable of selecting a potent RNA silencer from a library of only 5 3 10 4 library members. We believe there are at least two reasons for the surprisingly high fraction of active RNAs. First, in the above approach, we do not target a specific protein but rather an entire biological process, increasing the number of proteins that an active RNA could target. Second, we believe that RNA might be especially well suited for perturbing processes involving other nucleic acids, such as transcriptional activation or silencing. We previously reported the in vivo evolution of RNA-based transcriptional activation domains. A surprisingly large fraction of random N 40 RNAs (0.2%) was capable of activating transcription when localized to a reporter gene [19] , suggesting that RNA is well suited to act as a transcriptional activator. A possible reason for the high rate of identifying RNAs capable of activating or silencing transcription is the nature of the proteins involved in such processes. In order to interact with negatively charged DNAs and RNAs, proteins that participate in the control of gene regulation commonly have positively charged patches [35, 36] . It is tempting to speculate that RNA, by virtue of its polyanionic character and structural diversity, is an especially potent biopolymer for the evolution of transcriptional regulators that recruit the positively charged portions of such proteins. There are no known natural RNA-based transcriptional silencing or activating domains in S. cerevisiae, and a BLASTA search [37] failed to identify regions in the yeast genome with sequence similarities to our evolved RNAbased silencer. The ease of evolving RNA sequences with such properties suggests the intriguing possibility that such RNAs might exist in the nontranslated region of the budding yeast genome, but have not yet been discovered.
SIGNIFICANCE
We describe the in vivo evolution of a potent RNAbased transcriptional silencing domain in S. cerevisiae. Starting with a relatively small, random library expressed in yeast cells, we identified a silencing domain comparable in potency to a Gal4 DBD -Sir1 fusion localized to the HMR-E locus after only two rounds of evolution. The high frequency of active clones in our study contrasts with the traditionally low rates of finding RNA-based binders to proteins using in vitro selections. We speculate that the polyanionic character combined with the great structural and functional diversity of RNA makes it especially well suited to mediate processes that involve proteins with cationic patches such as transcriptional silencing. Secondarystructure predictions and site-directed mutagenesis identified the important functional domains of the evolved RNA-based transcriptional silencers. Genetic studies suggest that our evolved RNAs establish silencing via a traditional Sir-based mechanism. Our results further demonstrate the value of RNA as a tool to perturb biological functions and also suggest that natural RNA-based silencing or activating domains may exist in S. cerevisiae. A fusion of the Gal4 DNA binding domain (Gal4 DBD ) and the MS2 coat protein was expressed from the ADH1 promoter on p423Gal4MS2. Gal4 DBD was amplified from pGBKT7 (Clontech) using primers 5 0 -CCGCCGCTGCAGATGAAGCTACTGTCTTCTATCGAAC-3 0 and 5 0 -AGCCATACCCGGGAGGTCCTCCTCTGAGATCAGC-3 0 , digested with PstI and XmaI, and cloned into the PstI-and XmaI-digested vector pADH1LexAMS2term. The resulting Gal4-MS2 region was excised together with the ADH1 promoter using NgoMI and SacII and subcloned into the NgoI-and SacII-digested pRS423. All constructs were verified by automated DNA sequencing. Molecular biology enzymes were purchased from New England Biolabs. Plasmids pRS423 and pRS424 were gifts of Professor Andrew Murray.
EXPERIMENTAL PROCEDURES

Yeast Strains and Media
Selection and Screening Procedures
Yeast strain YEA76, carrying p423Gal4MS2, was transformed with the RNA expression plasmid using a standard lithium acetate procedure. Transformants were selected on media lacking tryptophan and histidine, and then harvested and replated on selective media supplemented with 5-FOA. Survivors were pooled and their plasmid DNA was extracted using a Plasmid Mini-Prep kit (Bio-Rad) with an initial step of glass-bead lysis of the yeast cells in resuspension buffer (Bio-Rad). Plasmid p423Gal4MS2 was digested with BglII to preclude further propagation and the RNA expression plasmid was amplified in E. coli. The selected library members were retransformed in YEA76 strains carrying p423Gal4MS2 and passed through a second round of selection. Plasmid DNA from individual surviving clones was extracted, and the variable N 40 region was sequenced and recloned in pRNAIII as well as in pIIIa/MS2 for use in the secondary screen in yeast strain YSB35.
Retransformed clones were assayed for the ability to silence the expression of URA3 by spotting 10-or 5-fold serial dilutions of cells grown to mid-log phase on media lacking tryptophan and histidine, in the presence or absence of 5-FOA. The most concentrated spot corresponds to 10 ml of undiluted yeast culture at an OD 600 of 1-1.5. As a secondary screen of activity, RNA sequences were cloned into pIIIa/MS2 and assayed for their ability to silence the expression of TRP1 in YEA35 yeast cells. All assays were performed at least three independent times and figures shown reflect representative results. Secondary structures of selected RNA sequences were predicted with the mfold program [31] .
